At the molecular level, complex I defects can originate from mutations in either nuclear or mitochondrial DNA genes. Mutations in the mtDNA genes were first reported in association with LHON (4, 17) . Recently, a 5-bp duplication in the gene coding for the 18-kDa subunit and point mutations in the genes encoding the 23-and 51-kDa subunits of complex I were detected in 5 different complex I-deficient patients, presenting either a multisystemic progressive phenotype or Leigh's syndrome (18) (19) (20) . However, the consequences of these mutations remain to be characterized. Mutations that are responsible for complex I defects have yet to be identified for a large majority of complex I-deficient patients.
Here, we present 2 different biochemical phenotypes in 2 patients with fatal infantile lactic acidosis (FILA) associated with isolated complex I deficiency, and we demonstrate the genetic origin of both forms of the disease. This was addressed by immunodetecting individual complex I subunits with specific antibodies and by assessing complex I activity in patients' fibroblasts and in transnuclear cybrid cells obtained after fusion between patients' fibroblasts and mtDNA-less cells (ρ°c ells). Reexpression of complex I subunits and recovery of complex I activity in patients' mitochondria after transnuclear complementation by ρ°-cell nuclei enabled us to infer the nDNA origin of both defects.
This is the first demonstration of the nDNA origin of complex I defects in FILA. Moreover, the 2 distinct patterns of complex I subunit composition in patients' cells suggest that at least 2 different nuclear gene abnormalities may be responsible for the reported phenotypes. normal <1.8). Urinary organic acids showed a marked increase in excretion of lactate and Krebs cycle intermediates (fumarate, succinate, and α-ketoglutarate).
Despite intensive care, the neurological state worsened rapidly and brain death occurred at 6 weeks of age. Autopsy showed acute necrotizing encephalopathy, but no hypertrophic cardiomyopathy was noticed. Muscle, liver, and skin biopsies were performed just before death with informed parental consent. Histochemistry examinations were normal in muscle, and electron microscopy only revealed slightly enlarged mitochondria. Light and electron microscopy were normal in liver, except for a mild microvesicular steatosis. Cell lines and culture conditions. Fibroblasts from forearm skin explants obtained from both patients and controls were cultured in high-glucose DMEM supplemented with 10% FBS, 100 µg/mL pyruvate, and 50 µg/mL uridine in a 5% CO 2 atmosphere at 37°C. The 143B TK -osteosarcoma cell line (CRL 8303) was obtained from the American Type Culture Collection (Rockville, Maryland, USA). The daughter 143B206 ρ°c ells, completely depleted of mtDNA by long-term exposure to ethidium bromide (21) , were grown in supplemented DMEM, as already described here, with 100 µg/mL 5-bromo-2′-deoxyuridine (BrdU). This cell line was provided by G. Attardi (California Institute of Technology, Pasadena, California, USA). Lactate and pyruvate were measured in cultured fibroblasts after 1 hour of incubation with glucose, as reported (14) . Cell fusion. Trypsinized cells were collected by low-speed centrifugation, resuspended in DMEM, and counted. Fibroblasts (10 6 cells) were mixed with an equal number of ρ°cells, and culture medium was carefully eliminated by centrifugation. Cells were resuspended for 1 minute in 0.2 mL of sterile polyethylene-glycol 1500 (50% wt/vol) (Roche Diagnostics, Meylan, France). After cell fusions, screening of transnuclear complemented cells was performed by growing cells in standard DMEM for 24 hours and then in selective medium composed of pyruvate-and uridine-free DMEM supplemented with 10% dialyzed FBS and 100 µg/mL BrdU. After 10 days, about 30 independent colonies were observed.
Preparation of mitochondria. Mitochondria-enriched preparations were obtained as described (22) , with slight modifications. Exponentially growing cells were trypsinized, washed, and resuspended in medium A composed of 0.25 M sucrose, 1 mM EDTA, 10 mM Tris-HCl (pH 7.3), and 1 mg/mL skimmed milk. Cells were gently broken in a glass pestle Dounce homogenizer, and the homogenate was centrifuged for 8 minutes at 800 g. The supernatant was then centrifuged 10 minutes at 11,000 g. Pellets were resuspended in medium A without milk, and the resulting mitochondriaenriched suspension was used for enzymatic measurements and immunodetection. Protein concentrations were determined by the bicinchoninic acid method.
Enzymatic measurements. Spectrophotometric analysis of the respiratory chain complexes was performed in an 800-g supernatant of crude homogenates from liver or muscle (23) and in mitochondrial preparations from cultured cells. At a protein concentration of 1-2 mg/mL, mitochondria were disrupted by 3 freeze-thaw cycles in liquid nitrogen and were briefly sonicated. In tissue homogenates, this freeze-thaw method was used only for the measurement of complex I activity.
The following enzymatic activities were assayed at Immunodetection. Mitochondrial proteins (5 µg) were separated on 12% polyacrylamide gels, electroblotted onto PVDF membranes, and incubated with antibodies as described (25) . Decrease in subunits in patients' mitochondria was estimated by comparing the signal yielded by different dilutions of the patients' samples to the signal obtained for equivalent samples of control fibroblasts. Antibodies were raised in rabbit against peptides corresponding to the major complex I subunits (26, 27) and the cytochrome c oxidase subunit II (COII). The anti-24 kDa bovine subunit antibody was a gift from M. Skehel and J. Walker (Medical Research Council, Cambridge, United Kingdom).
Electron microscopy. Confluent cells on glass slides were fixed and embedded as described (28) . After staining by uranyl acetate and lead citrate, ultrathin sections (90 nm) were examined with a JEOL 1200EX II electron microscope at 80 kV.
DNA and RNA analysis. Total DNA prepared from cells (27) was subjected to PCR amplification using appropriate primers and standard protocols. Total RNA was extracted from cultured cells harvested at a nonconfluent state by using the RNAgents kit from Promega Corp. (Madison, Wisconsin, USA). Northern blot analysis and RT-PCR were performed according to standard protocols. cDNA sequences are available through our MitoPick database (29) . Nuclear genotypes were characterized by high polymorphic marker analysis. CA repeats from chromosomes 1, 3, 5, 7, and 19 (D1S306, D3S1281, D5S455, D7S849, and D19S220) were amplified using an appropriate set of primers (30) and were sized by electrophoresis. PCR fragments were sequenced by Genome Express SA (Grenoble, France).
Results

Identification of the complex I defects in tissues and cultured cells.
Enzymatic measurements of the respiratory chain complex activities revealed that complex I activity was decreased by more than 83% in muscle and liver of both patients (Table 1 ). In the muscle, the activities of the
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The other complexes were within the control range, except for complex III and II + III activities, which were at the upper limit for patient no. 1. In the liver, the activities of complexes II, III, and IV were increased for both patients. This may reflect some metabolic adaptation to compensate for decreased energy production as a consequence of complex I deficiency. Citrate synthase activity was increased in the liver of both patients and was at the upper limit of the control range in the muscle of patient no. 1. Increase in citrate synthase activity has already been reported for respiratory chain disorders (31, 32) associated or not with deletion or depletion of mtDNA (33) (34) (35) . As shown in Table 1 , the values of the ratios comparing the activities of the different complexes are consistent with a severe complex I defect in both liver and muscle. In cultured fibroblasts from both patients, the lactate/pyruvate ratio was increased, suggesting a defect in electron transport through the respiratory chain (Table 2 ). Respiratory measurements showed that the rate of rotenone-sensitive oxidation of malate + glutamate (NADH oxidation) was decreased by more than 70% in mitochondria from both patients, whereas the succinate and cytochrome c oxidation rates were comparable to those of controls (not shown). Enzymatic measurements of the respiratory complex activities revealed normal values for complexes II, III, and IV, but a specific defect of complex I (Table 2) . Residual rotenone-sensitive complex I activities were 16% and 10% for patients nos. 1 and 2, respectively. The reliability of the complex I activity measurements in our mitochondria-enriched preparations from fibroblasts was confirmed by the 70-86% rotenone sensitivity of the total NADH-ubiquinone reductase activity in control mitochondria. Together, these results demonstrated a multisystemic and severe decrease in complex I activity in both patients.
Immunodetection of complex I subunits.
Immunoblotting was performed for 7 complex I subunits in fibroblast mitochondria, using specific antibodies directed against 1 mitochondrial-encoded subunit (ND1) and 6 nuclear-encoded subunits (20, 23, 24, 30, 49 , and 51 kDa). In patient no. 1, most of the detected subunits were present in normal or near-normal amounts, except for the 24-kDa subunit, which was present at a very low level in the samples (less than 5% of the control), and the 51-kDa subunit, which consistently amounted to about 50% of the control (Figure 1) . In patient no. 2, all the investigated nuclear-encoded subunits and the mitochondrial-encoded ND1 subunit were in trace amounts. In contrast, the levels of the COII subunit, encoded by the mtDNA, were normal compared with the control. This confirmed that comparable amounts of protein had been loaded into the gel lanes, and it highlighted the specific loss of complex I subunits in patient no. 2 mitochondria.
Cell fusion and characterization of the resultant cells. To demonstrate which part of the nuclear or mitochondrial genome was involved in the primary defect associated with complex I deficiency, patients' fibroblasts were fused with ρ°cells fully depleted of mtDNA. The rationale for this experiment was based on the following hypotheses: (a) under appropriate conditions, fusion between cells would lead to the segregation of new cells (cybrid cells) in which patients' mitochondria would be placed into a novel nuclear environment; (b) only patients' cells with a nuclear defect could theoretically be transcomplemented by normal ρ°-cell nuclei; and (c) on the contrary, cybrid cells issued from patients' cells harboring mtDNA defects would remain complex I deficient.
The growth capacity of the different cell lines in various media was assessed. The ρ°cells exhibited both auxotrophy for uridine and pyruvate (21) and resistance to BrdU, as they were obtained from the thymi- dine kinase-deficient (TK -) osteosarcoma 143B cell line (Figure 2 ). Unlike ρ°cells, patients' fibroblasts exhibited BrdU sensitivity and were able to grow in DMEM lacking pyruvate and uridine. From these results, it was expected that none of the parental cells (ρ°cells and fibroblasts from patients or controls) could grow in a medium lacking pyruvate and uridine and containing BrdU. On the other hand, only cybrid cells that contained fibroblast mitochondria and were homozygous for the TK -nuclear marker of the ρ°cells were expected to survive in this medium. After fusion, selection of cybrids was carried out in the selective medium containing BrdU but lacking pyruvate and uridine (see Methods). After 15 days, 10 clones were collected and further analyzed. As expected, the different clones were able to grow in the selective medium, with growth kinetics similar to those of ρ°cells in a pyruvate-and uridine-supplemented medium (Figure 2) .
Morphological examination of parental (ρ°and fibroblasts) and cybrid cells was performed by electron microscopy. The ρ°cells contained enlarged spherical mitochondria with rare cristae and a poorly dense matrix (Figure 3b ). This enlarged and rounded shape has already been observed in MRC5 ρ°fibroblasts (36). In contrast, both patients' and control fibroblasts contained rod-shaped mitochondria with numerous cristae (Figure 3a, c, and d) . Fifteen days after fusion, both types of mitochondria coexisted in fused cells, with a predominance of enlarged mitochondria from the ρ°parental cells (Figure 3e ). After 2 additional weeks in culture, ρ°cell-type mitochondria disappeared from the cytoplasm, and rodlike mitochondria with cristae became largely predominant (Figure 3f ). This is consistent with a previous observation (37) showing that after introduction of normal mitochondria into ρ°HeLa cells, all the ρ°mitochondria took normal shape within a few hours.
Finally, we examined both mitochondrial and nuclear genotypes of cybrid cells. The mitochondrial genotypes of the 143B cells and the 2 patients' cells were characterized by amplifying and sequencing a PCR fragment ranging from mtDNA nucleotide 1 to 2000. Compared with the Cambridge sequence (38) , the 3 resulting fragments were each unique, with specific sets of polymorphic changes. When aligned, the sequences of the mtDNA fragments obtained from the patients' fibroblasts and the cybrid cells unambiguously revealed that the 2 types of cybrid cells contained only mtDNA from patients' cells and no mtDNA of 143B cell origin (not shown). This was consistent with our finding of no PCR-detectable mtDNA in the ρ°cells, in agreement with previous observations (21) . Nuclear genotypes of the parental cells (the ρ°cells and the 2 patients' cells) were also characterized by assessing the size of a set of polymorphic markers present on different chromosomes. The patterns of these allelic markers differed between all parental cells. Only the allelic marker pattern found in the ρ°cells was evidenced in the cybrid cells (not shown). This clearly indicated that the nucleus in cybrid cells originated exclusively from ρ°cells.
Immunodetection of complex I and enzymatic measurements in cybrid cells. Mitochondria-enriched preparations from patients' cybrid cells were analyzed by immunoblotting. As a control, mitochondria prepared from ρ°cells and control fibroblasts were also investigated. Antibodies directed against the 23-, 24-, 30-, 49-, and 51-kDa subunits of complex I revealed that these subunits were present in comparable amounts in patients' cybrid cells and in control fibroblasts ( Figure  4, lanes 1, 4, and 6 ). Unexpectedly, these nuclear-encoded subunits were also found in appreciable amounts in ρ°-cell mitochondria. However, as expected, mitochondrial-encoded ND1 and COII subunits were absent in ρ°-cell mitochondria ( Figure 4, lane 2) . The presence of the 24-kDa and 51-kDa subunits in ρ°-cell mitochondria did not allow us to ascertain nuclear complementation of complex I in patient no. 1. In patient no. 2's cybrid cells, the recovery of the ND1 subunit was a clear indication that complex I was present in the mitochondria (Figure 4, lane 6) .
To ascertain whether cybrid cells contained fully assembled and active complex I, complex I activity and other respiratory chain complex activities were assayed in mitochondria-enriched preparations (Table 3 ). In the parental ρ°cells, activity of the 3 complexes containing mtDNA-encoded subunits (complexes I, III, and IV) was undetectable. In contrast, SDH and complex II activity was present in ρ°cells, in agreement with a previous report (39) , and was found to be similar to that of the parental 143B cell line. These results were consistent with the fact that all the complex II subunits are nuclear encoded and that mitochondrial import of SDH subunits has been demonstrated in MRC5 ρ°fibroblasts
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The (36). As shown previously (36, 39) , citrate synthase activity was high in ρ°cells compared with the parental 143B cell line. Contrary to ρ°cells, control cybrid cells (obtained by fusion between ρ°cells and control fibroblasts) exhibited fully active respiratory complexes. In patients' cybrid cells, activities of all respiratory chain enzymes were similar to those measured both in control cybrid cells and in the parental 143B cell line. In particular, the complex I activity, which was specifically and markedly decreased in the fibroblasts from both patients, appeared restored in cybrid cells. In addition, comparable ratios of enzyme activities were found in all cybrid cell types (Table 3) . These results confirmed that fusion of the patients' fibroblasts with ρ°cells concurred with the restoration of an active complex I. Transcriptional analysis and cDNA mutation screening. As a first step toward characterizing the defects at the molecular level, we checked whether the genes coding for the major complex I subunits were actively transcribed. Steady-state levels of the transcripts were analyzed by Northern blot (Figure 5a) , and then by RT-PCR (Figure 5b ), because the nuclear transcripts were found in very limited amounts compared with mitochondrial ND transcripts in normal fibroblasts. Northern blot and RT-PCR experiments revealed similar steady-state levels of all the different transcripts in patients' cells and normal cells. More specifically, this analysis failed to detect any reduction of the level of the 51-and 24-kDa transcripts in patient no. 1, or of the 51-, 49-, 30-, 24-, 23-, and 20-kDa and ND1 transcripts in patient no. 2, that may have correlated with the reduced amounts of corresponding proteins in the patients' cells. Mutation screening was then performed by sequencing cDNAs coding for certain nuclear-encoded subunits. For both patients, the cDNAs coding for the 10-, 24-and 51-kDa subunits (these subunits constitute the flavoprotein fraction of the enzyme), the 18-and 23-kDa subunits, and the 7 mitochondrial ND genes were totally sequenced. The recently described (18-20) 5-bp duplication in the cDNA coding for the 18-kDa subunit, and the point mutations in the 23-kDa and 51-kDa subunits, were not found in either patient. We only detected a C→T transition in the 24-kDa cDNA from patient no. 1. This transition led to an Ala29→Val substitution in the presequence of the 24-kDa subunit and has been reported, at a homozygous state, as a susceptibility factor for Parkinson's disease (40) . Patient no. 1 was found to be heterozygous for this mutation, as were healthy individuals in the study of Hattori et al. (40) .
Discussion
In this report, cell fusion between fibroblasts from 2 complex I-deficient patients presenting with FILA and ρ°cells were carried out to determine which of the 2 genomes -nDNA or mtDNA -was involved in these respiratory chain defects. Our data demonstrated that in both patients, the complex I defects arose from nuclear mutations. Biochemical investigations in tissues and cultured fibroblasts demonstrated severe and selective complex I dysfunctions as the probable causes of the rapid neurological deterioration and early death of both patients. Specific antibodies against nuclear-and mitochondrial-encoded subunits were used to analyze the subunit composition of complex I in patients' mitochondria. Despite the lack of a comprehensive analysis (only 7 of the numerous subunits that compose complex I were tested), we were able to distinguish 2 different types of complex I misassembly. Patient no. 1 was deficient in 24-kDa and 51-kDa subunits, whereas in patient no. 2, all the investigated subunits were in very low amounts.
Cell fusions between ρ°cells and enucleated cells have already been used to study the impact of mtDNA mutations on the cellular energy production (21, 41, 42) . This approach was also successfully used to show that nuclear complementation of fibroblasts with mtDNA depletion restored the mtDNA level, providing evidence for a nuclear-encoded factor involved in mtDNA depletion (43) . Tiranti et al. (39) elegantly demonstrated the nDNA origin of cytochrome c oxidase deficiency in Leigh's syndrome by generating 2 different transmitochondrial cybrid cell lines. The first was obtained by fusing ρ°cells with enucleated patient's fibroblasts, and the second, by fusing ρ°t ransformant fibroblasts derived from the same patient with nDNA-less cytoplasts. Recently, analysis of cybrids obtained after fusion between platelets and ρ°cells suggested that the complex I defect in focal dystonia is not caused by a mtDNA mutation (44) . Here, we undertook a straightforward approach by fusing whole cells, rather than a combination of nucleated and enucleated cells, to ascertain whether the structural and functional abnormalities of complex I in the 2 cases of FILA were under the control of the nuclear genome. Another approach involving fusion of whole cells was successfully used by Isobe et al. (45) to study the inheritance modes of cytochrome c oxidase and succinate dehydrogenase deficiencies.
In the present work, this approach raised a number of questions concerning the nature of the cybrids screened in the selective medium containing BrdU. The possibility that the cybrid cells may in fact be 143B cells was considered, as the metabolic selection imposed by the restrictive medium (without pyruvate and uridine) might have favored the segregation of 143B cells with a restored amount of mtDNA. This hypothesis was ruled out by the exclusive presence, in cybrid cells, of mtDNA originating from the patients' fibroblasts. Moreover, the cybrids were unlikely to be spontaneous TK -patients' fibroblasts, as the restoration of complex I activity in the cybrids also implied that these cells would have simultaneously acquired mutations correcting the complex I defect. The probability for such an event would seem to be very low. The origin of the nucleus in the cybrids was determined by a polymorphic marker analysis. This revealed that only the 143B206 ρ°-cell chromosomes were maintained in the cybrid cells. In addition, the absence of heterokaryons and the presence, after fusion, of small numbers of mitochondria with cristae suggested that cybrid cells may have resulted from partial mixing of cytoplasm from patients' fibroblasts into ρ°cells and that nuclear fusion did not take place. This contrasts with the cybrids obtained by fusion between ρ°HeLa cells and fibroblasts, which contained a nuclear genome derived from both parental cells (45) .
The effective transnuclear complementation of complex I deficiency indicated that in both patients, the complex I defects resulted from nuclear gene mutations and not from mtDNA mutations. However, it could be argued that the complex I defects may have arisen from a heteroplasmic mtDNA mutation and that, after fusion, only mitochondria with wild-type mtDNA prevailed in the cybrids. Because the 2 patients reported here showed a severe degree of complex I inactivation, the hypothesis of a disease-associated mtDNA mutation would presuppose a high percentage of mutated mtDNA. To test this hypothesis, we made cybrids with fibroblasts from a patient (different from patients nos. 1 and 2) harboring high levels (95%) of the T8993G mtDNA mutation (46) . The same degree of heteroplasmy was found in these new cybrid clones (not shown), suggesting that fusion with ρ°cells did not promote segregation of wild-type mitochondria in our situation.
Sequencing of the ND and tRNA mtDNA genes failed to detect any mutations in the 2 patients compared with the consensus sequence (38) and the refer-
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Figure 5
Transcription analysis of the genes coding for the complex I subunits in patients' fibroblasts. (a) Northern blot of the ND mitochondrial transcripts and the 51-and 24-kDa nuclear transcripts. Twenty micrograms of total RNA were loaded in each lane. Subunit-specific cDNAs with a length ranging between 300 and 1,500 bp were radiolabeled and used as probes. enced polymorphic sites (17) . Moreover, the A→G mutation in tRNALeu(UUR) at position 3302 (i.e., 5 bp upstream from the ND1 gene), related to severe complex I deficiency and abnormal mRNA processing (47), was not found in either patient. These findings gave additional support to an nDNA origin of the 2 reported complex I defects. Finally, analysis of the steady-state level of mRNAs coding for major mitochondrial-and nuclear-encoded subunits indicated that complex I deficiency did not correlate with an impaired transcription of any of the investigated genes. In patient no. 1, the amount of the 24-kDa subunit, and to a lesser extent of the 51-kDa subunit, was reduced. Lowered level of the 24-kDa subunit (isolated or not) has already been described in some patients with complex I deficiency (5, 12, 48) . In complex I, the 10-, 24-, and 51-kDa subunits closely interact to constitute the flavoprotein (FP) fraction of the enzyme. Therefore, the presence of a reduced amount of the 24-and 51-kDa subunits in patient no. 1's mitochondria may be the consequence of a misassembly of the FP fraction. However, because no specific antibody against the 10-kDa subunit was available, the presence or absence of this subunit in the mitochondria from patient no. 1 could not be tested. At the molecular level, no mutation was found in the cDNAs coding for the 10-and the 51-kDa subunits. We could also exclude the pathogenicity of the Ala29→Val substitution found in the 24-kDa cDNA, because the heterozygous state found in the patient was also reported in healthy individuals (40) . Loosening of the FP subunits might still be due to a mutation in another subunit, which tightly interacts with them. This hypothesis will be investigated by sequencing the cDNAs coding for other known complex I subunits.
In patient no. 2, immunoblots revealed a decreased level of all the investigated subunits. Generalized loss of complex I subunits in patients' mitochondria has already been observed by immunoblotting (48) or by blue native 2-dimensional gel electrophoresis (10, 16, 47) . However, the last three reports did not determine whether complex I was absent because of the absence of the majority of the nuclear-encoded subunits or because of the dissociation of a partially assembled complex I, a process that may occur during extraction and electrophoretic migration. In the case of patient no. 2, it may be hypothesized that extensive impairment of complex I assembly results from a mutation in a gene coding for a factor specifically required for assembly of this enzyme. Human genes whose products are involved in respiratory chain assembly or biogenesis of complex IV have recently been identified (50) (51) (52) .
The transnuclear complementation strategy reported here helped to define the mendelian inheritance of the 2 investigated complex I defects. This is a valuable piece of information for genetic counseling in the 2 concerned families. Biochemical and immunochemical investigations also demonstrated that both a severe reduction of complex I activity and abnormal patterns of complex I subunit composition are specific features associated with these 2 lethal clinical phenotypes. Looking for such specific features by analyzing small mitochondrial samples from chorionic villi cells may allow prenatal diagnosis in these families.
